ABSTRACT: Purple sulfur bacteria are photosynthetic, anaerobic microorganisms that fix carbon dioxide using hydrogen sulfide as an electron donor; many are also nitrogen fixers. Because of t h e~r requirements for sulfide or orgamc carbon as electron donors in anoxygenic photosynthesis, these bacteria are generally thought to be lim~ted to shallow, organic-nch, anoxic environments such as subtidal marine sediments. We report here the discovery of nitrogen-fixing, purple sulfur bactena associated with pelagic copepods from the Caribbean Sea. Anaerobic incubations of bacteria associated with fuUgut and voided-gut copepods resulted in enrichments of purple/red-pigmented purple sulfur bacteria while anaerobic incubations of bacteria associated with fecal pellets did not yield any purple sulfur bacteria, suggesting that the photosynthetic anaerobes were specifically associated with copepods.
INTRODUCTION
Purple sulfur bacteria, in the y-proteobactena (Fowler et al. 1984) , are a group of photosynthetic anaerobes which fix carbon dioxide without evolving oxygen (Imhoff 1992) . Purple sulfur bacteria perform anoxygenic photosynthesis using bacteriochlorophyll as the light-harvesting pigment. These bacteria use reduced compounds other than water as a source of reductant and typically use reduced sulfur compounds or simple organic compounds as the external electron donors in photosynthesis (Pfennig & Truper 1994) .
Bacteriochlorophyll synthesis is inhibited under high light intensity, is maximal under low light intensity and is completely inhibited in the presence of oxygen (Pfennig 1978) . Consequently, anoxygenic photosynthesis is possible only under relatively low light and fully anoxic conhtions. Furthermore, because of their requirement for sulfide, these microorganisms are generally thought to be restricted to organic-rich habitats where sulfate-reducing bacteria can supply sulfide (Pfennig & Truper 1994) . Typical environments in which purple sulfur bacteria are found include marine sediments and mats ( J~r g e n s o n & Fenchel 1974) , salt marshes (Paterek & Paynter 1988) and stratified lakes (Guerrero et al. 1985) , where they are found at the oxic/anoxic interface.
Copepods are crustacean marine zooplankton, ranging in size from less than 1 mm to greater than 10 mm in length, which dominate the mesozooplankton in the upper 600 m of the world's oceans (Star & MuUln 1981) . Typical copepod abundances can range from 1 to 100 copepods n1r3 (Longhurst 1985) , although copepods can be orders of magnitude more dense at fronts, during phytoplankton blooms and at the thermocline (Longhurst & Herman 1981) .
Growing evidence suggests that copepods possess a gut microbial flora (Sochard et al. 1979 , Nagasawa & Nemoto 1988 , Delille & Razouls 1994 , Hansen & Bech 1996 . Although the members of this microbial flora are not known, the metabolic activities of some of these microbes are apparent in the production of reduced gases such as methane, which have been detected from incubations of copepods (Oremland 1979 , de Angelis & Lee 1994 and their fecal pellets (Bianchi et al. 1992) . Sulfide, another anaerobic metabolic byproduct, has also been detected in the ocean (Cutter & Krahforst 1988) . Sites for sulfide production include fecal pellets and marine snow (Shanks & Reeder 1993) ; however, no studies have examined copepod-associated bacteria as agents of sulfide cycling in the ocean.
We report here the discovery of purple sulfur bacteria associated with planktonic copepods. We employed several approaches to determine whether purple sulfur bacteria are specifically associated with the copepods. The plankton was collected in an 800 m water column far from marine sediments or other potential benthic sources for purple sulfur bacteria. Only anoxic incubations of bacteria associated with full-gut and voidedgut copepods yielded purple sulfur bacteria whereas anoxic incubations of fecal pellet-associated bacteria did not enrich for purple sulfur bacteria, suggesting that these bacteria are not food-associated. The growth of purple sulfur bacteria in these enrichments also paralleled increases in acetylene reduction, suggesting that these bacteria are active nitrogen fixers.
MATERIALS AND METHODS
Collection of copepods and anoxic, microbial enrichment~ from copepod-associated bacteria. Total plankton was collected during day tows with a 64 pm mesh plankton net at 15 m depth at 18" N, 63" W and from a depth profile of 10-25, 50, 100 and 200 m depth at l?" 30' N, 63" W in the Eastern Caribbean Sea in January 1995. The copepods were sorted from the plankton and transferred live into 0.45 pm prefiltered seawater taken from the same depths as the plankton tows. Except for the integrated tows from 10 to 25 m, only the copepods collected from a specific depth were pooled for the subsequent enrichments.
Although no effort was made to identify the copepods collected from the different depths, the major groups of zooplankton at this station were calanoid and cyclopoid copepods tentatively identified as being in the genera Nannocalanus, Neocalanus, Euchaeta, Undinula, Eucalanus and Copilia (Owre & Foyo 1967) . The station selected for the plankton tows was in approximately 800 m of water and the depths sampled were chosen to correspond to depths above, within and below the ch1,orophyll maximum, located at approximately 90 to 100 m depth as determined by an in situ fluororneter (Fig. 1 ) .
Three types of samples (full-gut copepods, voidedgut copepods and fecal pellets) were prepared from the sorted material as inocula for the microbial enrichm e n t~. The different sample types also allowed us to operationally define the microbial populations as transient or resident copepod-associated bacteria. In our experimental design, a transient microbial population associated with copepods is defined as bacteria associated with the food and, hence, with the fecal pellets. A resident microbial population associated with the copepods would be present in copepods even with emptied gut tracts. Typical copepod densities in both the full-gut and voided-gut preparations averaged approximately 300 copepods/100 rnl of filtered seawater. Typical fecal pellet densities averaged approximately 2000 pellets/100 ml of filtered seawater.
In order to prepare voided-gut copepods as a source of bacteria for the microbial enrichments, a subsample of the live, sorted copepods collected at each depth was transferred to vessels with a 100 pm nylon mesh insert and containing 0.45 pm prefiltered seawater. The copepods were not fed and were allowed to defecate. Randomly selected copepods were periodically examined with a dissecting scope to determine whether the guts were emptied; at room temperature, the average length of time for copepods with apparent voided gut tracts was generally 10 h. These live, voided-gut copepods were transferred to 0.45 pm prefiltered seawater. The fecal pellets produced during the voiding step were collected on a 35 pm nylon sieve, quickly counted under a dissecting scope and transferred to 0.45 pm prefiltered seawater. Two sizes of containers, large volume (195 ml) and small volume (35 ml) bottles, were used for the microbial enrichment incubations. The large volume preparations held 160 m1 of a copepod or pellet suspension with a 35 m1 headspace while the small volume preparations held 20 m1 of a copepod or pellet suspension with a 15 m1 headspace. The bottles were made gastight by sealing the bottle with either a rubber stopper containing a septum insert and wiring the stopper onto the bottle with 20 G wire or crimp-sealing an aluminum seal and butyl rubber septum to the serum bottle. The copepod and fecal pellet preparations were incubated at 50 pEin m-2 S-' light intensity in flowing seawater baths maintained at Caribbean Sea surface seawater temperatures (25 to 28°C).
The full-gut copepod, voided-gut copepod and fecal pellet preparations were allowed to go anoxic. Resazurin, a redox indicator which is blue under positive redox potentials (i.e. oxic conditions), becomes pink at -51 mV and clears at -110 mV (i.e. anoxic conditions) (Levett 1991) , was added at 0.1 % final concentration to each of the preparations and each bottle was visually monitored for a change from oxic to anoxic conditions.
Based upon a color change in the resazurin indicator, the onset of anoxia occurred the fastest in the microbial enrichments of copepod-associated bacteria collected from the euphotic zone ( Fig. 1) . Even within the incubations of material from the euphotic zone, there was a clear distinction in the rate at which anoxia developed between the material collected at the deeper depths and the material collected at the shallower depths. For example, anoxia developed the fastest, within 12 to 16 h, in the enrichments of copepod-associated bacteria from the chlorophyll maximum (100 m) and developed the slowest, after 36 to 48 h of incubation, in the enrichments of material from 10 to 25 m. The onset of anoxic conditions in the microbial enrichments from the copepods collected below the euphotic zone (200 m) exhibited the longest lag and developed after 3 d of incubation.
Acetylene reduction assay of microbial enrichments. Nitrogen fixation rates in both the small volume and large volume preparations were monitored daily by the acetylene reduction assay (Capone 1993 ) using a Shimadzu mini-GC gas chromatograph equipped with a HayeSep-Q column and a flame ionization detector (FID). Acetylene gas was added at 15% of the headspace by syringe to each of the large volume and small volume copepod and fecal pellet preparations at the beginning of the experiments. Every 24 h, the samples were vigorously shaken and duplicate gas samples of the headspace were collected and analysed for ethylene gas accumulation. The headspace samples were manually injected into the gas chromatograph and the ethylene concentration from each sample compared against daily analyses of a 100 ppm (Scotty Specialty Gases) ethylene standard. Additional control copepod samples were incubated without acetylene addition to monitor endogenous ethylene production.
Pigment analysis of purple sulfur bacterial enrichments from 100 m depth copepod preparations. Aliquots (10 ml) of the enrichments from the 5 d old 100 m depth copepod incubations, which were dominated by the pigmented bacteria, were centrifuged and the pellets extracted with buffered, 90% methanol. The absorption spectrum of the extract was manually read on a Hitachi U-1100 spectrophotometer over a wavelength range of 400 to 925 nm.
Upon return to Florida State University (FSU), the absorption spectrum of the extracts from the 100 m depth enrichments was compared with the published absorption spectra of a number of pigmented bacteria, including that of Chromatium purpuratum, a marine purple sulfur bacterium isolated from a sponge (Imhoff & Truper 1980) . The absorption spectrum for C. purpuratum was taken from the whole cell spectrum of Imhoff & Truper (1976) and corrected for spectral shifts of pigments in extracted form (Cohen-Bazire et al. 1957) .
Transmission electron microscopy of purple sulfur bacterial enrichments from 100 m depth copepods. Upon return to FSU, 10 m1 aliquots of the 100 m depth copepod enrichments were fixed with 2.5 % EM grade glutaraldehyde in 0.3 M cacodylate buffer for 4 h at 4"C, pelleted at 3000 X g for 5 min, washed in cacodylate buffer and enrobed in agar (Gowing & Wishner 1992) . The agar block was dehydrated and infiltrated with Epon Araldite. Silver and gold sections were cut with a diamond knife and stained with 1 % uranyl acetate and lead citrate. The stained sections were viewed and photographed in a JEOL ZOOB electron microscope at 80 kV.
RESULTS
During a series of experiments designed to enrich for and cultivate anaerobic bacteria from copepod-and fecal pellet-associated bacteria, a bloom of purple/redpigmented bacteria unexpectedly appeared in anoxic, microbial enrichments from copepods collected in the Eastern Caribbean Sea (Fig. 2) .
Growth of the pigmented bacteria in the enrichments occurred in depth sequence, with the 100 m depth enrichments exhibiting pigmented bacterial growth first, followed by the 50 m depth enrichments and then by the 10 to 25 m depth enrichments (Fig. 2) . Growth of pigmented bacteria occurred the fastest, within 12 to 18 h, in the 100 m depth enrichments while growth of the pigmented bacteria in the enrichments of the samples from the shallowest depths developed depth enrichments confirmed the dominant cells posonly after 48 h of incubation. The enrichments from the sessed intracellular sulfur globules (Fig. 3a) and photocopepods collected below the euphotic zone eventusynthetic vesicles (Fig. 3b) , both traits characteristic of ally showed growth of pigmented bacteria but only purple sulfur bacteria. after approximately 8 to 9 mo of incubation.
Onboard analysis of the methanol extracts from the 5 d When the pigmented bacteria appeared in the old, 100 m depth microbial enrichments indicated the enrichments, the bacteria were further characterized presence of 3 absorption maxima (Fig. 4) which were by microscopy and pigment analysis. Purple sulfur compared to the absorption spectra of several groups of bacteria can be distinguished from other bacteria in pigmented bacteria. The absorption spectra exhibited a mixed populations because the intracellular sulfur relatively narrow, major peak at 770 nm with a smaller, globules give the cells a birefringent appearance under minor peak at 590 nm, indicating the presence of bacphase contrast microscopy (J. Meeks pers. comrn. 1995, teriochlorophyll a (Pfennig & Truper 1994) . A broad R. Castenholtz pers. comm. 1996). Light microscopy maximum over 425 to 550 nm in the absorption spectra examination of the microbial enrichments revealed indicated the presence of carotenoids. The carotenoid large, motile rods, approximately 1 pm in diameter and spectra compared most closely to carotenoids in the 2 to 6 pm in length, that dominated the enrichments okenone series, a major group of carotenoids common to from all euphotic zone depths after 5 d of incubation.
purple sulfur bacteria (Pfennig & Truper 1994) . By phase contrast illumination, the dominant cells posAcetylene reduction was monitored daily in these sessed strongly refractile, intracellular inclusions. By enrichments. Increases in acetylene reduction coinepifluorescence light microscopy, the cells autofluocided with growth of the pigmented bacteria in each resced orange-yellow under blue light excitation and enrichment. For example, after an initial lag period of the cells were strongly phototactic to both UV and blue approximately 24 h, acetylene reduction increased at light excitation. Interestingly, the autofluorescence an exponential rate in the enrichments of the 100 m and phototactic behavior were lost in the isolates later depth material over the 5 d of the experiment (Fig. 5) . cultivated from this material (M. Berry pers. comm.).
Bacterial densities, monitored by DAPI direct counts, The corkscrew-like movement of the cells indicated increased from an average of 8 X 106 cells ml-' at the the cells had polar flagella. Upon return to FSU, transbeginning of the incubations to 1-5 X log cells ml-' mission electron microscopy of the cells from the 100 m after 5 d of incubation (Fig. 5) . Based upon the pres- Three different types of preparations using copepods as the source material-full gut copepods, voided gut copepods and copepod fecal pellets-were incubated under the same light and temperature conditions in order to determine which sample type was the pre- Fig. 4 . Pigment analysis of the purple sulfur bacteria which dominated the enrichments from Caribbean Sea copepods collected at 100 m depth. (-) Absorption spectrum for pigments extracted from the purple sulfur bacteria in the 100 m depth enrichments; ( ----) absorption spectrum for Chromatim purpuraturn (Imhoff & Truper 1976) . The major absorption peak at 770 nm and the minor peak at 590 nm indicate the presence of bacteriochlorophyll a while the broad absorption maximum from 425 to 550 nrn indicates the presence of okenone, a carotenoid accessory pigment
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study. Other studies have noted that zooplankton and protozoa are able to swim into anoxic layers of lakes and consume purple sulfur and green sulfur bacteria (Fenchel 1969 , Gophen 1977 . In our study, we minimized the possibility that the purple sulfur bacteria are foodassociated because the station was a deep water site. The plankton tow was carefully sorted in it difficult to conclude whether the methAt the beginning of the incubations, there were no bacteria with anOgenS isolated from these samples were apparent intracellular sulfur globules enriched from phytoplankton, zooplankton or detritus. dominant habitat for the pigmented bacteria. Only the Fecal pellets were prepared and incubated in the full-gut and voided-gut copepod microbial enrichsame manner as the copepods in order to isolate the ments became anoxic with subsequent ethylene gas microenvironment where the purple sulfur bacteria production and the development of the pigmented might be found. None of the fecal pellet preparations bacterial bloom ( Table 1) . The fecal pellet microbial yielded purple sulfur bacteria, even after continued enrichments developed mildly anoxic conditions and incubation of the material under similar light and temturbid bacterial growth. However, there was no growth perature conditions after return to FSU. Furthermore, of pigmented bacteria or ethylene production in the the voided-gut copepod material yielded enrichments fecal pellet microbial enrichments (Table 1) .
of purple sulfur bacteria. This suggests that the purple sulfur bacteria are not voided from the gut but somehow remain associated with the copepod. Bacteria are commonly found within fecal pellets (Gowing & Silver 1983 , Nagasawa 1987 Purple sulfur bacteria appear to be specifically asso-& Wishner 1992). We found that many types of anciated with planktonic copepods. Several aspects of aerobic bacteria, such as sulfate-reducing bacteria, our study support this observation. These experiments methanogens and fermentative bacteria as well as the were conducted with pelagic copepods collected in an purple sulfur bacteria, are members of both copepod 800 m deep water column in the Caribbean Sea, at a and fecal pellet bacterial populations (Proctor unpubl.). station far from microbial mats, marine sediments or However, under the conditions of sample preparation other benthic sites which could have served as inocula and incubation described in this study, purple sulfur for these enrichments. This experimental plan is bacteria do not appear to be members of the fecal important in the interpretation of the results of this pellet bacterial populations.
, .0E+09 developed in the subsequent microbial enrich-PSB cells/ml ments originated from the copepods and not from unidentifiable material in the tow. Table 1 . Redox potential, acetylene reduction and presence of purple sulfur bacteria in lncubations of copepods and their fecal pellets. Redox potential for each incubation is indicated by the oxidized or reduced resazurin; degree of acetylene reduction is based upon the relative amount of ethylene production after 5 d of incubation; and the presence of purple sulfur bacteria is based upon microscopic observation of the enrichments after 5 d of incubation. The relative abundance of purple sulfur bacteria in the enrichments is indicated as the percentage of purple sulfur bacteria to the total number of bacteria Inoculum source Reducing conditions Acetylene reduction Percentage of purple sulfur bacteria to total bactena (%)
DISCUSSION
Full-gut copepods Reduced +++
80-85
Voided-gut copepods Reduced ++
40-50
Fecal pellets Mildly reduced --Although the fecal pellet enrichments became anoxic, purple sulfur bacteria never developed in the enrichments. This is somewhat surprising since purple sulfur bacteria have some oxygen tolerance (Kampf & Pfennig 1980 , Overmann & Pfennig 1992 ) and can carry out chemotrophic growth, which consumes oxygen until conditions permit bacteriochlorophyll synthesis (Kampf & Pfennig 1980 ). In addition, some purple sulfur bacteria are capable of heterotrophy (Kampf & Pfennig 1980) . No effort was made to amend the fecal pellet, full-gut and voided-gut copepod preparations with either sulfide (chemotrophic growth) or organic carbon (heterotrophic growth) to equalize the sulfur or carbon content among the 3 preparations. However, at thousands of pellets per 100 m1 of seawater, fecal pellet densities in the enrichments were equivalent to the gut carbon content of hundreds of copepods. In fact, the fecal pellet densities were sufficiently high for anoxic conditions to develop within 3 d, suggesting that the organic carbon content was similar in the full-gut, voided-gut and fecal pellet preparations. Collectively, these results support the argument that the purple sulfur bacteria appear to be specifically associated with the copepods.
The 100 m depth enrichments of copepods developed blooms of purple sulfur bacteria well before the enrichments from the other depths. If the purple sulfur bacteria were incidentally associated with the copepods, then one would not expect a sequential growth of these photosynthetic anaerobes and any of the samples might have resulted in blooms of purple sulfur bacteria or purple sulfur bacteria might have appeared after long and variable lag periods. Furthermore, the purple sulfur bacteria began to develop in less than 1 d in the 100 m depth samples, suggesting that the inoculum size was large, i.e. these photosynthetic anaerobes were abundant members of the copepodassociated bacteria.
We estimated the growth rates of the purple sulfur bacteria in our enrichments, based upon the final densities of purple sulfur bacteria in the enrichments after 3 d of incubation and the direct count estimates of bacterial abundances of 104 to 10"acteria copepod-' (Nagasawa 1987 , Delille & Razouls 1994 . Our estimates suggest that these photosynthetic anaerobes had on the order of 4 to 8 h generation times under the incubation conditions of this study. These estimates do not take into account any losses of the bacteria and assume that all of the bacteria are purple sulfur bacteria, therefore, these may represent underestimates. Although these fast growth rates may not be typical, these growth rates have been seen in cultures of purple sulfur bacteria (van Gemerden 1980), suggesting that our estimates are reasonable.
We found that photosynthetic anaerobes were associated with copepods even with emptied gut tracts. Copepods have epizooic flora (Sochard et al. 1979 , Nagasawa et al. 1985 , Nagasawa 1992 ) and we cannot currently eliminate the possibility that purple sulfur bacteria are on the copepod exoskeleton. However, several reasons suggest that it is highly unlikely these bacteria are members of the epizooic flora. Bacteria on the exoskeleton are constantly in contact with oxygen so anaerobes such as the purple sulfur bacteria, which perform anoxygenic photosy?thesis, would not be able to do so attached to the exoskeleton. In addition, copepods absorb oxygen through their exoskeleton, indicating that oxygen-sensitive bacteria, like the purple sulfur bacteria, are unlikely to be located on the exoskeleton. Although carbon dioxide would be available in the surrounding seawater as well as from the respiring copepod, the electron donors for anoxygenic photosynthesis, such as sulfide and fatty acids, are not likely to be available at significant concentrations in aerobic environments, further arguing for the absence of purple sulfur bacteria on the exoskeleton.
As noted earlier, some purple sulfur bacteria can grow chemotrophically or even heterotrophically under microaerophilic conditions (Kampf & Pfennig 1980 , Overmann & Pfennig 1992 , raising the possibility that these bacteria may exist as chemotrophs or heterotrophs on the copepod exoskeleton. However, in continuous culture studies of several species of purple sulfur bacteria, Overmann & Pfennig (1992) found that a minimum of 5 d was needed for a transition from phototrophic to chemotrophic growth. In our enrichment studies, the purple sulfur bacteria developed very rapidly, in less than 3 d, indicating that there was no lag period needed to induce bacteriochlorophyll synthesis. This suggests that the bacteria in our enrichments were more likely carrying out a photosynthetic mode of metabolism rather than a chemotrophic or heterotrophic mode of metabolism.
For a number of reasons, our experiments suggest that the purple sulfur bacteria are members of the gut flora in copepods. Purple sulfur bacteria require oxygen-free conditions to carry out photosynthesis since bacteriochlorophyll synthesis occurs only under anoxic conditions. The bacterial requirement for sulfide or reduced carbon compounds as electron donors for photosynthesis further limits the microenvironments these bacteria are likely to inhabit. Both of the requirements for photosynthesis could be met in the gut tracts of copepods. Furthermore, copepods are transparent to light, making zooplankton ideal habitats for photosynthetic anaerobes.
The presence of purple sulfur bacteria specifically associated with zooplankton has several important implications for microbial diversity as well as for carbon and nitrogen flux in the sea. Since anaerobes are not found as sole inhabitants of an environment but as syntrophic members of complex consortia, the presence of in situ methane and sulfide production in the ocean actually points Lo the presence of anaerobic consortia in the ocean. The results of this study further suggest that the distribution of these anaerobic consortia in the ocean may be equally complex, with some anaerobes found associated with detritus such as fecal pellets while other anaerobes may be found specifically associated with the living plankton (Proctor unpubl.).
Prior to the discovery of these purple sulfur bacteria in the open ocean, few nitrogen-fixing microorganisms have been identified in the sea, other than the colonial cyanobacterium Trichodesmium (Carpenter 1983 ) and the diatom/cyanobacterial symbioses of Rhizosolenia (Villareal 1990) and Hemiaulus (Villareal 1994) . The potential for nitrogen fixation by purple sulfur bacteria represents a new and previously undescribed source of 'new' nitrogen to the oceans' food web (Legendre & Gosselin 1989) . Recently, some studies have demonstrated that primary production occurs in the absence of measureable nutrients in the oligotrophic oceans (Michaels et al. 1994) , further supporting the idea that microorganisms with the capacity to supply their own nutrients, such as these nitrogen-fixing, photosynthetic bacteria, are active in the ocean. Furthermore, the results of this study indicate that there are nitrogenfixing microorganisms in the ocean which are present, not as members of the bacterioplankton, but as inhabitants of little-studied microenvironments such as the gut tracts of zooplankton.
The discovery of purple sulfur bacteria in association with copepods suggests that we still know little about the microbiology of the sea. The recent use of molecular approaches has demonstrated that many rnicroorganisms in the ocean have yet to be cultivated (Schmidt et al. 1991 , Fuhrman et al. 1993 , Mullins et al. 1995 ). Yet culturability may not be the only limiting factor in understanding the microbial diversity of the sea. The results of this study show that there are newly discovered microorganisms that are cultivable but that are found in microenvironments, such as zooplankton guts, that have received relatively little attention.
